Galactic cosmic rays (GCR) constantly impinge all planetary bodies and produce characteristic gamma-ray lines and leakage neutrons as reaction products. Together with gamma-ray lines produced by radioactive decay, these nuclear emissions provide a powerful tool for remotely measuring the chemical composition of planetary surfaces having little or no atmospheres. While lunar gamma-ray spectroscopy was first demonstrated with Apollo Gamma-Ray measurements, the full value of combined gamma-ray and neutron spectroscopy was shown for the first time with the Lunar Prospector Gamma-Ray (LP-GRS) and Neutron Spectrometers (LP-NS).
INTRODUCTION
Galactic cosmic rays (GCR) constantly impinge all planetary bodies and produce characteristic gamma-ray lines and leakage neutrons as reaction products. Together with gamma-ray lines produced by radioactive decay, these nuclear emissions provide a powerful tool for remotely measuring the chemical composition of planetary surfaces having little or no atmospheres. The ability of planetary gamma-ray spectroscopy to remotely measure planetary surface compositions was first demonstrated with the Apollo Gamma-Ray (AGR) measurements of the lunar surface 1 . The full value of combined gammaray and neutron spectroscopy has been shown with the Lunar Prospector Gamma-Ray (LP-GRS) and Neutron Spectrometer (LP-NS) measurements of the lunar surface 2 . With the inclusion of gamma-ray instruments on the NEAR mission to the asteroid Eros 3 and the SELENE mission to the Moon 4 , and gamma-ray and neutron instruments on missions to Mars 5 and Mercury 6, 7 , it is clear that gamma-ray and neutron spectroscopy is becoming a standard technique for remotely measuring planetary compositions. Future targets for gamma-ray/neutron spectroscopy include comets 8 and the large asteroids Vesta and Ceres 9 .
The utility of gamma-ray/neutron spectroscopy is underscored by the specific types of abundance measurements that can be made with this technique. Many of the major mineral forming elements, such as iron 10, 11, 12, 13 , titanium 13 , calcium, oxygen, aluminum, magnesium, and silicon, can be directly measured using gamma-ray spectroscopy (see Figure 1) . Measurements of these elements for different planetary bodies can enable us to address issues such as how these objects form from the solar nebula and how these objects have changed over time.
Gamma-ray and neutron measurements can also directly measure the abundances of trace elements thorium 1, 14, 15, 16 , gadolinium, and samarium 17, 18 . In the context of the Moon, these elements are also important for understanding details about lunar formation and evolution 19 .
Abundance measurements of volatile elements, such as hydrogen, can be made using epithermal (0.3 eV ≤ E ≤ 100 keV) and thermal (E ≤ 0.3 eV) neutrons. In particular, epithermal neutron measurements from the LP-NS conclusively demonstrated the presence of anomalously high hydrogen abundances at the poles of the Moon 20, 21 , which are thought to be in the form of water ice 22 . Initial measurements have also been made of the global hydrogen content on the lunar surface 26, 27 . Measurements of volatile elements are important because they help us understand the nature of the solar system inventory of ancient volatiles as well as identify locations for future resource development.
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1.E-02 Figure 1 . (a) Gamma-ray spectra from the lunar nearside measured with the Lunar Prospector Gamma-ray Spectrometer (LP-GRS) using a BGO scintillator crystal, and (b) modeled lunar spectra from a CdZnTe detector. While discrete lines are seen in both spectra, the CdZnTe has a factor of ∼4 better energy resolution, which results in substantially better element identification.
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In addition to specific elemental abundances, LP neutron data has been used to determine more general composition and surface parameters. For example, it has been shown that fast neutrons (0.5 MeV ≤ E ≤ 9 MeV) can provide a measure of the average atomic soil mass 23 . The iron-rich mafic content of lunar soils 24 has been measured with a combination of thermal and epithermal neutrons. Finally, for particular soil compositions, measurements have been made of the average subsurface temperature of the Moon using thermal neutrons 25 . Table 1 shows the variety of information that has been measured to date using LP gamma-ray, thermal, epithermal and fast neutron data. Table 2 . Information expected to be measured from future analyses.
Finally, while some studies have used lunar sample ground truth data to derive absolute abundances 1, 10, 12 , it has been shown with the LP data that it is possible to make detailed maps (with a surface resolution of ~[50km]
2 ) of absolute abundances without relying upon ground truth calibrations 13, 15, 16 . In the context of planetary bodies for which we have no returned samples (e.g., Mars, Mercury, comets, and asteroids), it is essential to have this ability to make absolute abundance measurements that are independent of ground truth.
CONSIDERATIONS OF GAMMA-RAY AND NEUTRON SPECTROSCOPY FOR PLANETARY COMPOSITION MEASUREMENTS
Both gamma-ray and neutron measurements are useful for making independent composition measurements. For example, abundance measurements from radioactive elements, such as thorium, can be made directly using gamma-ray spectroscopy measurements without using neutron measurements for corrections 15, 16 . Hydrogen abundance measurements can be made using neutron measurements without needing gamma-ray data for corrections 21 in locations having low abundances of rare earth elements 18 . However, it is becoming clear that for certain classes of gamma-ray reactions, namely thermal neutron capture and inelastic scattering, it is vital to use neutron measurements to make corrections to the gamma-ray data for accurate abundance measurements to be obtained. These two classes of reactions are described below.
CORRECTIONS FOR THERMAL NEUTRON CAPTURE REACTIONS
Iron and titanium are two of the major elements that can be measured using gamma-ray spectroscopy. The standard technique for measuring iron and titanium abundances is to measure the flux of the 7.6 MeV and 6.76 MeV lines produced by thermal neutron capture 10, 11, 12 . However, the neutron capture reaction rate (and hence the gamma-ray flux) is strongly dependent on the local neutron number density 12 . The neutron number density (which is directly related to the measured thermal neutron flux) in turn can vary greatly depending on the relative amounts of neutron absorbing elements such as Fe, Ti, Gd, Sm, and others 17, 18 . In regard to lunar data, it has been shown 12 that if corrections for neutron number density variations are not carried out, then it is possible to have relative errors of up to 300% in the determination of lunar iron abundances. It is therefore desirable to have simultaneous measurements of the thermal neutron flux when measuring thermal neutron capture gamma-rays.
CORRECTIONS FOR NEUTRON INELASTIC SCATTER REACTIONS
For planetary bodies that may have large amounts of hydrogen, such as comets, it is essential to understand the neutron energy spectrum in order to make proper corrections to inelastic scatter (n,n'γ) gamma-ray data. This follows from the fact that neutrons and protons have the same mass, which greatly facilitates the moderation of neutrons from the MeVrange of energies where they are created, to the sub-eV energies where they are absorbed. The net result is a very large reduction of the neutron flux in the epithermal range. This effect is seen clearly in the series of neutron simulations given in Figure 2 . Here, overlaid plots of neutron lethargy (the energy-weighted neutron flux, which gives the neutron number flux per unit logarithmic energy interval) at 10 cm below the surface are shown as a function of weight percent of H 2 O added to a dry anorthositic soil. The three separate ranges of neutron energy are evident. Inspection shows that the dominant difference in the spectra corresponds to a large reduction in the epithermal flux intensity as a function of increasing H 2 O fraction. This reduction also extends into the fast neutron energy range. We note, however, that the flux reduction in the two energy ranges differ. Whereas the reduction at epithermal energies is nearly constant as a function of energy, the reduction at fast energies is largest at the lowest energies and diminishes with increasing neutron energy. This last effect reflects the energy dependence of the (n,p) scattering cross section. It is illustrated more clearly in Figure 3 , which shows the ratio of fast neutron spectra for the 3%, 7%, and 20% H 2 O weight-fraction simulations, relative to the 1% weight-fraction case. Careful inspection shows this energy-dependent effect is large (varying up to a factor of 4 at 1-MeV) between 1 MeV and 10 MeV. The neutron spectrum therefore needs to be measured to provide a zeroth-order correction to measured inelastic gamma-ray line strengths (which occur at different energies between about 0.5 and 5 MeV for the different elements) before measured gamma-ray line measurements can be accurately translated into relative elemental abundances.
INSTRUMENT DESCRIPTION
Based on the above discussion, we have shown that it is desirable to always include simultaneous gamma-ray and neutron measurements when carrying out either gamma-ray and/or neutron measurements. Furthermore, new missions to airless planetary bodies will likely have the requirement that instrument mass and power be kept to a minimum. To satisfy such requirements, we have been designing a single gamma-ray/neutron spectrometer (GR/NS) that combines all the functionality of the LP-GRS and LP-NS for a fraction of the mass and power. Figure 4 shows a strawman concept for such an instrument that is very similar to the LP-GRS. This GR/NS instrument consists of a 7.1-cm diameter by 7.6-cm long cylinder of bismuth germanate (BGO) placed within a well-shaped borated-plastic scintillator (BC454) anticoincidence shield (ACS). The ACS is hexagonal in cross section and 20-cm long. It is about 12 cm wide, and contains a 10 cm deep by 8.4 cm diameter cylindrical cutout on one end to house the BGO crystal. All six of the hexagonal faces are covered by 4 mmthick sheets of 6 Li-loaded glass scintillator (GS20) The BGO scintillator is optically isolated from the BC454 ACS and viewed by a 3-inch diameter photomultiplier tube (PMT). The ACS is viewed separately using a second 3-inch diameter PMT. Modifications to this design could include a CdZnTe gamma-ray detector for enhanced energy resolution at low energies (0.1 -3 MeV). The CdZnTe detector would provide gamma-ray measurements having an energy resolution over a factor of four better than the BGO detector (see Figure 1) .
Within one package, the GR/NS instrument is able measure gamma-rays (E = 0.5 -9 MeV), fast neutrons (E = 0.5 -9 MeV), epithermal neutrons (E = 0.1 eV -0.5 MeV) and thermal neutrons (E < 0.1 eV). Specifically, gamma-rays are identified as BGO and CdZnTe signals that are in anti-coincidence with the ACS. Fast neutrons are measured using the ACS by filtering all detected events to isolate those characterized by a double interaction that are correlated in time through an Neutron energy bins Sample of (n,n') γ-rays exponentiation time constant of about 2 microseconds. Identification using both the measured time between consecutive interactions and the energy deposited in the scintillator in the second interaction then signals a fast neutron that has lost all of its incident energy in the scintillator. The pulse height of the first pulse of the pair then provides a measure of the energy of the incident fast neutron. Epithermal neutrons are identified by single-interaction ACS events having a pulse height consistent with the charged-particle recoil component of the 10 B(n,α) 7 Li* reaction, in coincidence with BGO and/or CdZnTe events that correspond to detection of the 478 keV gamma ray from decay of the first excited state of 7 Li*, formed 94% of the time in this reaction. Finally, thermal neutrons are measured using the single ACS events that have the time signature of the Li-glass scintillator.
Care needs to be taken to ensure an adequate counting rate from the planetary body is achieved for a given mission scenario. For example, the optimum location for this instrument is at the end of a few meter boom in order to reduce background neutrons and gamma-rays resulting from spacecraft interactions with galactic cosmic rays. If it is not possible to use a boom due to spacecraft resources or configuration, then design changes need to be made to reduce the spacecraft background.
Second, the distance from the instrument to the planetary object is a parameter that should be minimized in order to maximize the measured counting rate. Figure 5 shows the counting rate from the LP-GRS for the 2.6 MeV thorium and 7.6 MeV iron gamma-ray lines as a function of normalized distance from the Moon. The LP-GRS measurements were all made from a distance of R object < 0.06 (i.e., less than 100 km altitude for a lunar radius of R = 1738 km). In order to have a counting rate that is within an order of magnitude of the maximum surface counting rate, Figure 5 shows that the orbit of the instrument should generally be less than 2R object . 
